Abstract-The SURF internal charging monitor that measures deposited currents in three shielded aluminum plates is one of the sensors within the Merlin radiation monitoring instrument launched on Giove-A in December 2005 into a 23 300-km circular 56°inclination medium earth orbit. The instrument has now completed 8.5 years in orbit despite being originally intended for a two-year operational life. Here, we report on the instrument's health, provide further recent data, and review the overall results in terms of their engineering significance. It is concluded that the instrument remains in good health, with no significant deterioration, and a near continuous data set from December 2005 to April 2014 is now available. The maximum plate currents to date were recorded over the period April 6-8, 2010, during a significant outer electron belt enhancement (also observed by Geostationary Operational Environmental Satellite (GOES)-12 in geostationary orbit), which persisted for several days. From April 7 to April 9, 2010, the current in the most shielded plate (1.0-mm thickness with 1.5-mm shielding) exceeded the widely used 0.1-pA cm −2 safety threshold for internal charging (the only days in the mission where this occurred), and on these days, it also exceeded the reasonable worst case current predications given by the DICTAT internal charging tool (the other plate currents remained within DICTAT predictions). The 0.02-pA cm −2 safety threshold used in European ECSS charging standards for dielectrics below 25°C has been exceeded on a far larger number of days; for example, in the most shielded plate, it has been exceeded on 55 days (8% of the total).
Internal Charging Measurements in Medium Earth
Orbit Using the SURF Sensor: [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] I. INTRODUCTION I NTERNAL charging, i.e., the accumulation of charge in shielded insulating materials, is a significant hazard for satellites that cross, or reside within, the earth's outer electron belt [1] . The SURF sensor [2] is designed to monitor the threat by measuring the small currents (fAcm −2 to pAcm −2 ) deposited in collector plates located at various aluminum shielding depths. SURF was first deployed in 2000 [3] into a geostationary transfer orbit, but unfortunately that mission was short-lived due to a host satellite failure, and it was only with the second SURF deployment on Giove-A in medium earth orbit (MEO) that a substantial period of data was acquired. The analysis of the internal charging data collected from the period from launch (December 2005) up to December 2006 has been published [4] , while SURF data have also been used to provide information on average electron spectra relevant to dose calculations [5] - [7] .
At the time of writing, the Giove-A satellite has been in operation for 8.5 years, much longer than the two years originally envisaged. The additional lifetime is a credit to the Giove-A designers and operators, Surrey Satellite Technology Ltd., who also recognize the importance of continuing to acquire environmental measurements in this important orbital regime. In this paper, we have three aims: 1) to report on the health of the SURF instrument after such a long period in orbit; 2) to present new SURF data, focusing particularly on the largest charging event seen (given its engineering significance); 3) to compare the charging currents seen over the mission to engineering safety thresholds and guidelines.
II. SURF SENSOR
For the Giove-A mission, SURF comprises three aluminum collector plates mounted on a stack within a Faraday cage. The Faraday cage is also aluminum and is mounted externally on the spacecraft [4] . The top plate is 0.5-mm thick and located under 0.5-mm Al-equivalent slab shielding (thermal blankets and instrument cover); the middle plate is also 0.5-mm thick aluminum located under a total of 1.0-mm slab shielding (blankets, cover, and top plate); the bottom plate is 1-mm thick and located under a total of 1.5-mm aluminum shielding. Note that these shielding levels substantially exceed the 0.2-mm (8 mils) Al-equivalent shielding used on the CRRES IDM instrument [8] , [9] and are more representative of shielding on actual spacecraft. A detailed Monte Carlo radiation transport analysis of this geometry [7, Fig. 1] shows that the top plate captures electrons with energies above 500 keV with a peak response at ∼700-900 keV. The middle plate traps electrons above 700 keV with a peak response between 1.1 and 1.4 MeV. The bottom plate traps electrons above 1.1 MeV, with a peak response between 1.6 and 2.1 MeV. When tested with the broad electron energy spectrum of Sr-90 [4, Fig. 4 ], the top plate collected about twice the current of the middle plate. The middle and bottom plates trapped nearly the same electron flux, showing that 0093-3813 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the reduced incident flux at the bottom plate (due to greater shielding than the middle plate) was largely offset by the higher percentage of the incident flux trapped due to its greater thickness. It will be seen later that plates 2 and 3 have similar responses to the on-orbit MEO electron flux.
Each of the three collector plates is connected to an electrometer to measure the deposited current. These plate thicknesses and shielding levels are intended to be representative of typical dielectrics within the spacecraft. The plate diameter (70 mm) is chosen to ensure that the SURF currents are within a measurable range when the spacecraft is located within the outer trapped radiation belt. The dominant particle type is indicated by the polarity of the current detected. Within the outer electron belt, we expect (and observe) this current to be negative, i.e., the deposition of electrons in the plates is always dominant. Any deposited protons will of course contribute a positive current, but the outer belt proton population is negligible except during solar particle events. Of course, from a charging perspective, it is only the net current that is of importance, so SURF accurately reports the charging threat. The potential positive SURF current contribution during solar energetic particle events has been considered in [4] and found to be small even in an intense event. In fact, this resilience to the effects of protons, confirmed by earlier observations from within the intense inner belt [3] , means that SURF is also useful as an electron detector in its own right since traditional devices (based on particle-counting) are often heavily contaminated in mixed electron/proton environments. The SURF currents from each plate are recorded every 5 min.
The signals detected in each of the plates are amplified by a sensitive electrometer with input bias currents in the range of some tens of femtoamperes at room temperature. Special measures are used to avoid leakage of the small currents produced in the plates-note that the plates themselves do not charge up and remain at close to zero (i.e., frame) potential. The output from the electrometer is then amplified with a Close-up of current measurements in all three plates from a recent (March 2014) outer belt enhancement event.
gain of ×1 (low-sensitivity channel) and ×50 (high-sensitivity channel) in order to ensure a wide dynamic range. The output signal in each channel represents the sum of the electrometer bias currents and the current collected on the plates. The bias currents are very small (at normal operating temperatures) and are usually only significant when the collected current is very small (e.g., outside the radiation belts). In other words, the bias current sets a floor level on the output of each measurement channel. This bias current can be subtracted from the output in data processing if required (e.g., by observing the current level when outside of the belt). When plate currents within the belt are high (Figs. 4 and 5), the bias current becomes a small percentage of the plate current, and hence its subtraction is not essential-in this paper, the raw currents are presented, i.e., no subtractions have been performed. It should be noted that bias currents can also change rapidly at higher temperatures, with an exponential dependence, but this effect is not of great significance below about 40°C (and temperatures have been below this level on Giove-A).
Since the front-end electrometer is a very sensitive microelectronic device, there is the possibility that radiation damage could cause the bias current to increase, bearing in Fig. 3 . Plot of the control channel output (current normalized as if connected to a plate of the same size as for other channels). For the same temperature, the offset (bias) current has increased by about 50% over the mission. mind that MEO is a relatively high radiation orbit. Even then the bias current could still be subtracted, but subtracting a large bias current from a similar magnitude of the total current is undesirable. In order to monitor electrometer bias current, a control channel was implemented in the instrument design, which contains the same electrometer and amplifier chain (×50) as the normal channels but which is not connected to any plate. This then allows an assessment of any change of characteristic of the electrometers.
III. RECENT DATA AND INSTRUMENT HEALTH
A summary plot of the whole SURF-Giove-A data set is shown in Fig. 1 , from which it is clear that there is a broadly continuous record except for a period of a few months in early 2013. On investigation, this data gap was related to a temporary satellite operational anomaly, and unfortunately, these data cannot now be recovered. In addition, there are other, smaller, gaps in data from time to time, but these are much less significant. The initial conclusion from Fig. 1 is that sensible data are still being recorded and there have been no gross changes in the instrument behavior. Note that as the thicker bottom plate tends to have a similar magnitude of current to the middle plate, the latter's data (green) are somewhat obscured in Fig. 1 . A segment of very recent data recorded during an outer belt enhancement event in March 2014 is given in Fig. 2 , in which each pass through the outer trapped radiation belt is more clearly seen. We note that the typical time profile of the currents around the orbit is very similar to profiles recorded at the start of the mission in 2006 [4] , i.e., during the stronger enhancements, a single peak in current is observed during each belt passage, but as the belt wanes, a double peak is observed. Importantly, the measured currents return to very small values (∼ fA cm −2 ) when the instrument is outside of the radiation belts and these values are similar to those at the start of the mission, suggesting only minor increase in bias currents.
To examine bias current changes in more detail, we have plotted the control channel output for selected years from 2006 to 2014 included, which is shown in Fig. 3 . Comparing the 2014 values (note that the current is normalized as if connected to a plate) with those for 2006 (for the same temperatures), we see a roughly 50% increase in the offset/bias current from a baseline of ∼1 fA cm −2 . This shows that the currents have not changed significantly despite the length of the mission and remain much below the currents measured in the main radiation belts. Thus, overall, SURF appears to be in good health and no significant deterioration has occurred over 8.5 years of operation.
IV. APRIL 2010 ELECTRON CHARGING EVENT
In Fig. 1 , we observe modulations in charging currents, which are caused by pumping of the outer belt by fast solar wind streams arising from midlatitude coronal holes and by the passage of coronal mass ejections. The largest charging event observed was in April 2010, and Fig. 4 shows data from this period in greater detail-some data gaps are seen, notably on April 7. This major electron event was triggered by a fast solar wind stream that started at 0800UT on April 5 and caused a significant geomagnetic storm (K p = 7). By contrast, the second largest peak in the data set in December 2006 was triggered by an earth-directed coronal mass ejection [4] . The enhancement event in April 2010 followed very suddenly after the very quiet solar minimum period, which caused a major depletion in the earth's outer belt energetic electron population-this electron desert period, which lasted for nearly 18 months, is clearly visible in Fig. 1 . In Fig. 4 , it is clear that the top plate is the first to register increased charging currents, followed by the middle and then the bottom plate. The peak current in the top plate was observed at 1100UT on April 6, while the peak current in the bottom plate was not observed until 1900UT on April 8, approximately two days later, when the top plate current was already much reduced from its peak. The maximum currents observed to date in the SURF plates (5-min sampling intervals) are summarized in Table I . The >2-MeV electron flux in geostationary orbit (external to the spacecraft) is continuously monitored by GOES satellites and has been well correlated with internal charging problems in geostationary orbit [10] -it is thus widely used as an indicator of the internal charging threat level, even for other orbital regions. In Fig. 5 , we have plotted the GOES-12 >2-MeV flux (5-min average data) alongside the currents measured in the bottom SURF plate. The sensitivity of this plate peaks close to 2 MeV and extends beyond 5 MeV [7] . Note that L values for the peak SURF current in each Giove-A belt passage are typically 4.5-4.8 compared with GOES L values of ∼6-7. In addition, we have derived the >2-MeV electron flux for the Giove-A orbit from the SURF currents: the method for doing this is described in [4] and involves finding the best spectral fit to the observed plate currents using their detailed response functions and an assumed general form of spectrum. In this case, a power-law spectral form has been used. The resulting >2-MeV flux is plotted alongside the GOES >2-MeV flux in Fig. 6 . Note that, when outside of the radiation belts, the SURF currents are dominated by electrometer bias currents, and thus the derived fluxes are not valid. In Fig. 6 , fluxes above about 1 × 10 4 e cm −2 s −1 sr −1 are considered reliable.
From Fig. 6 , it is notable that some large flux peaks observed in geostationary orbit from April 1 to April 3 are not observed in MEO at all. However, these disturbances do mark the start of the period of steadily rising energetic electron fluxes in MEO. The geostationary orbit (GEO) >2-MeV flux returned to moderate levels before suddenly increasing again on April 6. A comparison of long-term average >2-MeV electron flux in GEO and MEO is of interest for internal charging threat assessment given that the MEO flux is heavily modulated due to the orbital motion of Giove-A. Averaging the data in Fig. 6 over four days from April 7 to April 10, 2010, inclusive, we find that the MEO >2-MeV average flux was 4.13 × 10 5 e cm −2 s −1 sr −1 , a factor 14 greater than the GOES-12 GEO average over the same period.
Fluxes in both MEO and GEO fell rapidly on April 11, but the magnitude of the fall is greater in GEO (factor 100) than MEO (factor 10). This sudden fall appears to be linked to the arrival of a coronal mass ejection at the earth at about 1230UT on April 11, which caused a geomagnetic storm (K p = 6).
V. COMPARISON OF DATA WITH PREDICTION FROM DICTAT ENGINEERING TOOL
We can compare our data for the April 2010 event with predictions of maximum currents obtained from reasonable worst case prediction models used in satellite design. DICTAT [11] is one of the tools commonly used for internal charging analysis, partly because it can apply to any earth orbit and has an easy-to-use interface via the ESA Spenvis system [12] . DICTAT has the full capability to calculate dielectric internal fields if the material parameters are provided as an input, but it is also frequently used to calculate charging currents alone, and such calculations are in any case a preliminary step in any full electric field calculation.
In Fig. 7 , we plot the measured daily average currents for each SURF plate in the first half of 2010 along with the worst case daily average current expected according to DICTAT. We plot daily average currents, since DICTAT uses the FLUMIC [13] , [14] electron belt model that returns one-day average electron fluxes as this is the timescale frequently considered the most relevant to internal charging, taking account of the time constants of the charging process in many dielectrics. It can be observed that the peak (daily average) current measured in the top plate during the April 2010 event is slightly below the DICTAT/FLUMIC worst case prediction. The peak current for the middle plate is about equal to the DICTAT prediction, whereas for the lower plate, the peak current is about twice the prediction. This suggests that the actual electron spectrum is harder than modeled in DICTAT, which is a similar conclusion to that drawn from the data gathered in the second most severe event recorded so far in December 2006, when again, only the bottom plate exceeded the DICTAT prediction [4] . We note, however, that the measured currents in April 2010 are still an order of magnitude less than those predicted by DICTAT when the extreme anomalously large event (ALE) element of the FLUMIC model is used. The ALE is based on the March 1991 electron belt enhancement, which was an exceptional event.
VI. COMPARISON OF DATA WITH ENGINEERING SAFETY THRESHOLDS
From an engineering perspective, we are especially interested in how our data compare with internal charging current thresholds used in the satellite design. Deposited current thresholds are widely used as a design criterion because they are simple to apply and do not require the knowledge of the dielectric conductivity, which can be difficult to obtain (at least in the form required for accurate internal charging calculations).
Guidelines on charging current deposition have been set down by NASA [15] , notably the 0.1-pA cm −2 maximum current deposition rule (or more strictly 0.1-pA cm −2 over 10 h, although a 24-h period is also used often). This threshold was derived from the observations of discharges on the CRESS satellite IDM experiment [8] , [9] . The 0.1-pA cm −2 rule has also been adopted in European ECSS standards [16] together with a further constraint of keeping daily average currents below 0.02 pA cm −2 if a dielectric in question is operating at a temperature below 25°C (due to reduced thermal conductivity). The SURF data can be compared directly with these thresholds, the results of which are shown in Table II . Note that practical dielectrics are typically 10%-50% less denser than aluminum, and thus our plates correspond to proportionately greater dielectric collector thicknesses. Clearly, both thresholds have been exceeded in all plates on certain days during the Giove-A mission. However, the only days where the 0.1-pA cm −2 daily average threshold was exceeded in the middle and bottom plates were all during the April 2010 event (April 7-9), and these are clearly shown in Fig. 7 . It is evident that the 0.02-pA cm −2 threshold has been exceeded on a very large number of occasions: the application of this lower threshold clearly implies considerably greater shielding levels than we use on SURF. We also note that the maximum shielding present on SURF (i.e., 1.5-mm Al for the bottom plate) is less than the 110-mil (2.8 mm) Al quoted in [15] as an adequate level of shielding: therefore, exceeding the 0.1-pA cm −2 threshold on occasion should not be surprising.
While the results presented in Table II are based on a relatively long data set, we should bear in mind that the recent solar minimum was very weak compared with previous solar cycles, including the 18-month electron desert period, which may make this cycle atypical.
VII. CONCLUSION
The SURF instrument remains in good health after 8.5 years of operation with only minor increases in bias currents. Data are nearly continuous over this period except for one significant gap of a few months in early 2013. The largest internal charging currents measured over the mission to date were observed in the period from April 6 to April 8, 2010, inclusive, and the second largest event was in December 2006. The so-called electron desert period in 2009 associated with the very weak solar minimum of this cycle is very clearly reflected in our MEO charging data.
The peak current in the top SURF pate occurred on April 6, 2010, reaching a value of 1.35 pA cm −2 : the middle and bottom plate currents peaked in succession over the next two days. Only the bottom plate current exceeded that predicted by DICTAT/FLUMIC, suggesting that FLUMIC may employ a softer spectrum than experienced in reality. The April 2010 electron event was clearly observed in both MEO and GEO, although notable differences in the temporal profiles of the fluxes between the two orbital environments are observed, and therefore the >2-MeV GOES flux level needs to be used with caution if used to assess charging risk in the MEO regime. Instead, obtaining data from dedicated MEO monitors would be preferable. Average >2-MeV electron fluxes in the Giove-A orbit during the main phase of the April 2010 charging event (April 7-10) were a factor 14 higher than in geostationary orbit.
The 0.1-pA cm −2 daily average safety threshold has been exceeded in the top plate on 2.5% of days, which is not surprising considering the low level of shielding (0.5-mm Al). For the bottom and middle plates, there were just three days (0.1%) above this threshold, which were all during the April 2010 event, confirming its relative significance and hardness of spectrum. The 0.02-pA cm −2 safety threshold used in the European ECSS charging standards for dielectrics below 25°C is exceeded on a far larger number of days: for example, even in the most shielded plate, it is exceeded on 213 days (8% of the total).
It should be borne in mind that the recent solar minimum has been the most subdued of the space era and included an 18-month electron desert period so that our measurements to date will be biased accordingly. Therefore, continued monitoring is essential.
